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Acute kidney injury (AKI) and chronic kidney disease 
(CKD) can affect multiple organ systems, and these physi¬ 
ologic changes have been associated with profound altera¬ 
tions in the pharmacokinetics (PK) and pharmacodynamics 
(PD) of many drugs. 12 Clinicians must assess kidney func¬ 
tion and consider how kidney function alters the disposition 
of drugs and their active or toxic metabolites. The number 
of patients with AKI and CKD and end-stage kidney disease 
(ESKD) has increased in the last 10 years. 3,4 Independent of 
injury or disease, kidney function tends to decrease with 
age, and older patients constitute an ever-increasing group 
for whom the optimization of drug therapy is crucial. 5 The 
widespread use of alternative renal replacement therapies 
for treating AKI (e.g., continuous venovenous hemodiafil- 
tration) and ESKD (frequent and/or nocturnal hemodialy¬ 
sis or hemodiafiltration) during the last decade mandate an 
understanding of their influences on drug disposition. 6 
When comparing outcomes of different dialytic modalities, 
rarely has the effect on drug disposition been considered. 3 6-8 
Although innovation in peritoneal dialysis has been more 
modest, few studies have examined the effects of newer 
adequacy targets, or the use of nondextrose-containing peri¬ 
toneal dialysates on drug disposition. 

Data on the use of many drugs in patients with CKD, as 
well as the impact of dialysis, are often limited or absent at 


the time of regulatory approval. Patients with moderate to 
advanced CKD are typically excluded from participation in 
major safety and efficacy studies required for drug registra¬ 
tion. Although regulatory authorities now require a pediat¬ 
ric investigation plan as a routine part of drug development, 
they have not yet responded to the challenge of ensuring 
robust data for patients with impaired kidney function. 1 
Indeed, significant differences exist with respect to the 
means of assessment and classification of the degree of 
impaired kidney function. 9 Thus, some recommendations 
are not concordant as to whether drug dose adjustment is 
necessary at all. 10 The availability of robust and readily appli¬ 
cable information to guide prescribing for patients with 
kidney disease remains imprecise and relies on interpola¬ 
tion, extrapolation, and estimation. 11 12 Optimization of 
CKD and AKI patient care is dependent on the clinician’s 
knowledge of basic biochemical and physiologic under¬ 
standing of drug disposition as well as individual experience 
with the effects of renal replacement therapies (RRTs) on 
drug and metabolite removal. 

In the 1970s, with the advent of specific and sensitive 
analytic techniques, the pharmaceutical industry began to 
investigate the relationship of kidney function to the 
pharmacokinetics and pharmacodynamics of the drugs they 
had in development. Until the 1990s, there remained no 
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Figure 64.1 Distribution and elimination of a drug after intravenous administration. 


regulatory guidance or clinical consensus for when investi¬ 
gations should be conducted and with what degree of rigor. 
Thus, much of the data on the PK of drugs in patients with 
kidney disease was the result of clinician-initiated, postmar¬ 
keting studies. These resulted in the publication of incon¬ 
sistent and, in some cases, conflicting recommendations 
regarding adjustments in drug dose or frequency of admin¬ 
istration. 1 Critical issues include characterization of the 
degree of impact of AKI or CKD on a drug’s disposition, 
pharmacodynamics, and/or dependence on pharmacoge¬ 
netics, identification of the most reliable index of kidney 
function for drug dosing, determination of the desired 
therapeutic endpoints, significance of risks associated with 
the accumulation of drug and/or metabolite concentra¬ 
tions, predictive performance of various methodologies to 
calculate the desired dosage regimen, and quantification of 
the influence of RRTs on drug disposition. 

In this chapter, the influence of AKI and CKD on drug 
pharmacokinetic properties is characterized, and a guide 
for individualizing drug therapy in patients with AKI and 
CKD is presented, along with dosage recommendations for 
many commonly used drugs. The role of pharmacodynamic 
measures alone or in combination with pharmacokinetics, 
as well as pharmacogenetic testing in drug dosage regimen 
design, is discussed. The impact of maintenance dialysis for 
ESKD and continuous RRT (CRRT) for patients with AKI 
on drug disposition are discussed, and dosage recommenda¬ 
tions for most critical drugs are presented. 


EFFECTS OF AKI AND CKD ON 
DRUG DISPOSITION 

Pharmacokinetics describes the time course of drug absorp¬ 
tion, distribution, metabolism, and elimination. Pharmaco¬ 
dynamics provides a characterization of the complex 
interaction of drug concentrations, receptor-drug interac¬ 
tions, mechanism of action, and clinical factors, such as 
concurrent diseases and degree of organ dysfunction on 
patients’ response to drug therapy. The combination of PK 
and PD drug characteristics allows clinicians with founda¬ 
tional information to make rational prescribing decisions. 

When given intravenously (TV), a rapid decrease in 
the plasma concentration follows an initial high drug 


concentration. This decrease occurs as the drug distributes 
from the plasma into the extravascular space and beyond. 
During the terminal elimination phase, drug concentra¬ 
tions in plasma are in equilibrium with concentrations in 
body tissues (Figure 64.1). The rate and extent of drug 
absorption and distribution and rate of drug elimination 
may be ascertained by mathematical analysis of the serum 
or plasma concentration data collected over an appropriate 
time interval. The terminal elimination half-life of a drug is 
the time required for the plasma concentration to decline 
by 50%; this it can be determined from the slope of the 
elimination phase of the plot of serum or plasma drug con¬ 
centration versus time after the drug is ingested or injected. 
By comparing PK data from patients with normal kidney 
function with data from patients with impaired kidney func¬ 
tion, rational drug dosing regimens may be proposed. 11 

ABSORPTION 

Drugs given IV enter the central circulation directly and 
generally have a rapid onset of action. Drugs given by other 
routes must first pass through important organs of elimina¬ 
tion before entering the systemic circulation; thus, a smaller 
proportion of the drug reaches the systemic circulation. In 
many cases, only a fraction of the administered dose may 
reach the circulation and become available at the site of 
drug action. Even drugs given TV and by inhalation must 
pass though the lungs before reaching arterial blood. 
Similar to other organs, the lungs remove substantial 
amounts of some agents. For drugs administered orally, the 
rate and extent of gastrointestinal (GI) absorption are 
important considerations. Absorption has been character¬ 
ized by determining the maximum attained serum or plasma 
concentration (C max ), as well as the time after ingestion 
when the C max was observed (T max ). Differences in these two 
parameters among patient groups were historically consid¬ 
ered evidence of altered GI absorption when actually 
the bioavailability may have been unchanged. 14 The bio¬ 
availability of a drug depends on the extent of metabo¬ 
lism during its first pass through the GI tract and liver 
before reaching the systemic circulation. The absolute bio¬ 
availability is determined by comparing the area under the 
serum/plasma concentration-time curve (AUC) after oral 
administration to that observed after IV administration. 
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When this measure of bioavailability was assessed, there 
were very few drugs shown to be affected by the presence 
of CKD or AKI. 15 

First-pass biotransformation may also occur in the gut; 
bioflavonoids in grapefruit juice can inhibit cytochrome P 
450 (CYP) 3A4 and noncompetitively inhibit the metabo¬ 
lism of drugs metabolized by this enzyme. This grapefruit 
juice-CYP3A4 interaction was first noted with the calcium 
channel blocker felodipine. 16 This interaction also increases 
the bioavailability of cyclosporine by as much as 20%. 17 A 
wide variety of other drugs are similarly affected, including 
several medications used for depression and anxiety (e.g., 
selective serotonin reuptake inhibitors [SSRIs], serotonin- 
norepinephrine reuptake inhibitors [SNRIs]) and statins. 18 
Herbal medicine (e.g., hypericin) can activate the adenos¬ 
ine triphosphate (ATP)-binding cassette (ABC) transporter 
or P-glycoprotein (multidrug resistance) transporter in gut 
mucosa, leading to reduced drug absorption. 19 

Although GI symptoms are common in patients with 
ESKD, little specific information about alimentary function 
is available. The salivary concentration of urea increases 
when urea accumulates in plasma. Ammonia forms from 
urea in the presence of gastric urease and buffers gastric 
acid, increasing gastric pH. The ammonia is absorbed and 
converted to urea again by the liver. The gastric alkalinizing 
effect of this internal urea-ammonia cycle decreases the 
absorption of drugs that are best absorbed in an acidic 
environment. Drug malabsorption may be further aggra¬ 
vated by the increased use of various therapies to reduce 
gastric acidity and/or reduce phosphate absorption, espe¬ 
cially in patients who are dialysis-dependent. 14 20 21 The resul¬ 
tant chelation and formation of nonabsorbable complexes 
reduce the bioavailability of some drugs, including several 
antibiotics and digoxin. 

The processes of GI drug absorption are complex, may 
be saturable and dose-dependent, and are more variable in 
patients with ESKD than in those with normal kidney func¬ 
tion. 22 Gastroparesis, commonly observed in patients with 
diabetes mellitus, many of whom also have CKD, prolongs 
gastric emptying and delays drug absorption; that is, T max is 
observed to be delayed. Conversely, diarrhea decreases gut 
transit time (T max is shortened and diminishes drug absorp¬ 
tion by the small bowel). Gut mucosal integrity becomes 
impaired across the spectrum of CKD, as evidenced by 
increasing levels of circulating translocated endotoxins. 23 

DISTRIBUTION 

The volume of distribution of a drug does not necessarily 
correspond to a specific anatomic space. Rather, the volume 
of distribution is a mathematical construct based on the 
plasma concentration achieved following the IV administra¬ 
tion of a given dose of a drug. Agents that are highly protein- 
bound and those that are water-soluble tend to be restricted 
to the vascular compartment and extracellular fluid (ECF) 
space, respectively, and thus have volumes of distribution 
less than 0.20 L/kg. Highly lipid-soluble drugs and those 
extensively hound to tissues often exhibit volumes of distri¬ 
bution in excess of 1 L/kg. The drug distribution volume 
of highly water-soluble or protein-bound drugs may be 
increased in patients with AKI or CKD if edema and/or 
ascites is present (Table 64.1). 2,513 ' 16 ' 24 Drug distribution is 


Table 64.1 Volume of Distribution of Selected 

Drugs in Patients with Normal Kidney 
Function and Those on Dialysis 



Data from references 2, 5, 13, and 15. 


one of the most important and complicated factors to quan¬ 
tify in patients with AKI. There is a tine balance between 
detrimental fluid overload and adequate hydration to pre¬ 
serve and optimize perfusion and function. Critically ill 
patients should be managed in a slightly negative fluid 
balance after initial adequate fluid resuscitation has been 
achieved. 26 ' 29 If patients are volume-expanded, the adminis¬ 
tration of the usual doses of many drugs will result in inad¬ 
equately low plasma concentrations. 

The distribution volume of drugs may be altered by fluid 
removal during dialysis. 30 Changes in body cell mass (nonfat, 
nonwater, nonbone mineral mass) commonly occur over 
time in patients on dialysis, 31 resulting in sarcopenia. Failure 
to detect a reduction in body cell mass may lead to inap¬ 
propriate maintenance of the same dry weight and drug 
dosage regimen, despite a real increase in total body water 32 
(and thus the distribution volume of several drugs). 

Finally, the method used to calculate the volume of dis¬ 
tribution may be influenced by impaired kidney function. 
The three most commonly used volume of distribution 
terms are volume of the central compartment (V c ), volume 
of the terminal phase (V B and V area ), and volume of distribu¬ 
tion at steady state (V„). The V c for many drugs approxi¬ 
mates extracellular fluid volume and thus may be increased 
or decreased by acute changes. Oliguric acute renal failure 
is often accompanied by fluid overload and a resultant 
increased V c for many drugs. The V area or Vp represents the 
proportionality constant between plasma concentrations in 
the terminal elimination phase and the amount of drug 
remaining in the body. Vp is affected by distribution charac¬ 
teristics and by the terminal elimination rate constant. Vp 


Downloaded for Ahmed Othman (aothman@kockw.com) at Kuwait Oil Company from ClinicalKey.com by Elsevier on December 10, 2017. 
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved. 








CHAPTER 64 - DRUG DOSING CONSIDERATIONS IN PATIENTS WITH ACUTE KIDNEY INJURY AND CHRONIC KIDNEY DISEASE 2037 


PROTEIN BINDING DEFECT IN UREMIA 




\V o'fcVo 

Figure 64.2 Protein-binding defect in uremia. Displacement of the 
drug from its binding site by an accumulation of undefined uremic 
toxins or a uremia-induced conformational change in the binding site 
geometry results in more free drug in the plasma. 


and V ss will often be similar in magnitude, with Vp being 
slightly larger. Because V ss has the advantage of being inde¬ 
pendent of drug elimination, it is the most appropriate 
volume term to use when it is desirable to compare drug 
distribution volumes between patients with renal insuffi¬ 
ciency and those with normal renal function. 33 

Alterations of plasma protein binding in patients with 
CKD can also affect drug action. The volume of distribution 
of a drug, quantity of unbound drug available for action, 
and degree to which the agent is eliminated by hepatic or 
renal excretion are all influenced by protein binding. Drugs 
that are protein-bound attach reversibly to albumin or al- 
glycoprotein in plasma (Figure 64.2) . Whereas organic acids 
bind to a single binding site, organic bases probably have 
multiple sites of attachment. 34,35 

Protein-bound organic acids such as hippuric acid, 
indoxyl sulfate, and 3-carboxy-4-methyl-5-propyl-2-furanpro- 
pionic acid (CMPF) accumulate in advanced CKD and 
decrease the protein binding of many acidic drugs. 36 ' 38 A 
combination of decreased serum albumin concentration 
and reduction in albumin affinity for the drug reduces 
protein binding in dialysis-dependent patients. Even when 
the plasma albumin concentration is normal, the protein¬ 
binding defect of some drugs correlates directly with the 
level of azotemia and may be corrected with dialysis. 5,8,34 
Binding affinity is influenced by changes in the structural 
orientation of the albumin molecule or by the accumulation 
of endogenous inhibitors of protein binding that compete 
with drugs for their binding sites. 34 

The unbound fraction of several acidic drugs are increased 
in CKD because of impaired plasma protein binding. Toxic¬ 
ity can occur if the total plasma concentration of these drugs 
is pushed into the therapeutic range by increasing the dose, 
wherein the free (active) concentration may be in the supra- 
therapeutic range. For such drugs, unbound plasma con¬ 
centrations should be measured to guide therapy. The need 
to measure unbound drug concentrations applies especially 
to drugs with very narrow therapeutic ranges, such as phe- 
nytoin. 39 Predicting the clinical consequences of altered 
protein binding is difficult. Although decreased binding 


Table 64.2 Unbound Fraction of Selected Drugs 
in Patients with Normal Kidney 
Function and End-Stage Kidney 
Disease (ESKD) 



results in more unbound drug being available at the site of 
drug action or toxicity, the distribution volume is increased, 
resulting in lower plasma concentrations after a given dose. 
More unbound drug is available for metabolism and excre¬ 
tion, which increases the clearance and decreases the half- 
life of the drug in the body. Drugs with decreased protein 
binding in patients on dialysis are listed in Table 64.2. 

METABOLISM 

The disposition of drugs metabolized by the liver may be 
altered by changes in plasma protein binding. The systemic 
clearance of a highly protein-bound drug with a low hepatic 
extraction ratio depends on the simultaneous effects of AKI 
or CKD on protein binding and intrinsic metabolic drug 
clearance. Because the effects of severe CKD on these two 
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factors offset each other in terms of total systemic clearance, 
the lowest total systemic clearance is not seen in patients 
with ESKD but rather occurs in patients with moderate to 
severe CKD. The systemic clearance of drugs with a high 
hepatic extraction ratio is not thought to be as susceptible 
to the effect of CKD as that of drugs with a low extraction 

Many active or toxic metabolites depend on the kidneys 
for their removal from the body. The accumulation of these 
metabolites in patients with impaired kidney function (AKI 
and CKD) can explain in part the high incidence of adverse 
drug reactions in this patient population. For example, 
although the liver usually rapidly metabolizes morphine, it 
is excreted mainly in the urine because its active metabo¬ 
lites, morphine-3-glucuronide (M3G) and morphine-6- 
glucuronide (M6G) readily cross the blood-brain barrier 
and bind to opiate receptors, exerting strong analgesic 
effects. In patients with CKD, morphine itself is metabolized 
more slowly, and these active metabolites increase, making 
prolonged narcosis and respiratory depression more 
likely. 41,42 Similarly, the bio transformation of meperidine 
results in the production of normeperidine, a more polar 
metabolite that is normally rapidly excreted in the urine. 
Normeperidine has little to no analgesic activity but lowers 
the seizure threshold. In patients with impaired kidney func¬ 
tion, repeated doses of meperidine may result in the accu¬ 
mulation of this potentially toxic metabolite, with resultant 
seizures. 43 Table 64.3 lists some drugs that form active or 
toxic metabolites in CKD patients and have been associated 
with adverse outcomes. 


ALTERATIONS OF CYTOCHROME P450 
ENZYME ACTIVITY 

A decrease in the renal clearance of drugs in patients with 
CKD is well appreciated. However, there is now preclinical 
and emerging clinical evidence suggesting that advanced 
CKD (stages 4 and 5) may lead to reductions in the nonre- 
nal clearance of many medications as the result of altera¬ 
tions in the activities of uptake and efflux transporters, 
as well as CYP enzymes, in the liver and other organs 
(Table 64.4). 35,44-49 The effect(s) of AKI and CKD on nonre- 
nal drug clearance appear to depend on whether the reduc¬ 
tion in renal function is acute or chronic in nature—and 
likely stronger in CKD. 

Preservation of nonrenal metabolic clearance has been 
observed early in the course of AKI, 50-53 and thus drug dosing 
schemes extrapolated from those with stable CKD may 
therefore result in ineffectively low drug concentrations. 
Furthermore, failure to appreciate that changes in serum 
creatinine levels are not an accurate marker of the glomeru¬ 
lar filtration rate (GFR) early in AKI may lead to further 
dosing errors. The first reports of nonrenal clearance of 
drugs being affected by AKI came from the observation that 
the residual nonrenal clearances for vancomycin, merope- 
nem, and imipenem were higher in patients with AKI com¬ 
pared to patients with CKD, who had comparable creatinine 
clearance (CrCl). 51-53 

Most of the direct evidence on metabolism in the pres¬ 
ence of AKI has been derived from investigations in animal 
models. A number of drugs have been studied in a variety 


Table 64.3 

Drugs with Pharmacologically Active Metabolites that May Affect Efficacy or Toxicity in Patients 
with Severe Chronic Kidney Disease 

Parent Drug 

Metabolite 

Pharmacologic Activity of Metabolites 

Acetaminophen 

A/-Acetyl-p-benzo- 

quinoneimine 

Responsible for hepatotoxicity 

Allopurinol 

Oxipurinol 

Metabolite primarily responsible for suppression of xanthine oxidase 

Azathioprine 

Mercaptopurine 

All immunosuppressive activity resides in the metabolite. 

Cefotaxime 

Desacetyl cefotaxime 

Similar antimicrobial spectrum, but 10% to 25% as potent 

Chlorpropamide 2-Hydroxychlorpropamide 

Similar in vitro insulin-releasing activity 

Clofibrate 

Chlorophenoxyisobutyric acid 

Primarily responsible for hypolipidemic effect and direct muscle toxicity 

Codeine 

Morphine-6-glucuronide 

Possibly more active than parent compound; may contribute to prolonged narcotic 
effect in renal failure patients 

Imipramine 

Desmethylimipramine 

Similar antidepressant activity 

Ketoprofen 

Ketoprofen glucuronide 

Accumulation of acyl glucuronide may worsen toxic effects (Gl disturbances, 
impairment of kidney function) 

Meperidine 

Normeperidine 

Less analgesic activity than parent, but more central nervous system stimulatory 
effects, epileptogenic 

Morphine 

Morphine-6-glucuronide 

Possibly more active than parent compound; may contribute to prolonged narcotic 
effect in ESKD 

Mycophenolic 

Mycophenolic acid 

Lacks pharmacologic activity but may be associated with dose-limiting (Gl) side 

acid 

glucuronide 

effects 

Procainamide 

A/-Acetyl procainamide 

Distinct antiarrhythmic activity; mechanism different from that of parent compound 

Sulfonamides 

Acetylated metabolites 

Devoid of antibacterial activity; elevated concentrations associated with increased 
toxicity 

Theophylline 

1,3-Dimethyl uric acid 

Cardiotoxicity has been demonstrated. 

Zidovudine 

Zidovudine triphosphate 

Primarily responsible for antiretroviral activity 

J 
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of AKI models. AKI is a heterogenous insult that is often 
part of multisystem failure of cellular respiration and can 
have in various consequences. 54 ’ 57 CYP enzymes are affected 
by AKI, and the extent of these effects may depend on the 
mechanism of experimental AKI. Definitive conclusions on 
the pharmacokinetics of metabolized medications in AKI 
remain hampered by the clinical complexity and potential 
confounders; hypoxia, decreased protein synthesis, com¬ 
petitive inhibition from concomitant medications, and 
decreased hepatic perfusion could also contribute to the 
reduced clearance. 

In humans with CKD, the activities of CYPs appear to be 
relatively unaffected. 46 ' 49,58 It has been reported that CYP3A4 
activity is reduced, 45 ' 47 49 but recent studies have indicated 
that organic anion transporting polypeptide (OATP) uptake 
activity is decreased. Thus, the perceived changes in CYP3A4 
activity were likely due to altered transporter activity, not to 
an alteration in CYP activity. The reduction of nonrenal 
clearance of several drugs that exhibit overlapping CYP and 
transporter substrate specificity in patients with stage 4 or 5 
CKD supports this premise. These studies must be inter¬ 
preted with caution, however, because concurrent drug 
intake, age, smoking status, and alcohol intake were often 
not taken into consideration. Furthermore, pharmacoge- 
netic variations in drug-metabolizing enzymes that may have 
been present in the individual before the onset of AKI or 
CKD must also be considered. 

RENAL EXCRETION 

Renal clearance (C1 R ) of a drug is the composite of the GFR, 
tubular secretion, metabolism, and reabsorption [(C1 R = 
(GFR x f u ) + (Cl secredon + Cl mmbolism - Cl reabsoiption )], where f u is 
the fraction of the drug unbound to plasma proteins. Drug 
elimination by filtration occurs by a pressure gradient, 
whereas tubular secretion and reabsorption are bidirec¬ 
tional processes that involve carrier-mediated renal 


transport systems. 49,59 ' 61 Renal transport systems have been 
broadly classified on the basis of substrate selectivity 
into anionic and cationic renal transport systems, which 
are responsible for the transport of a number of organic 
acidic and basic drugs, respectively. 35,49 Several drugs 
are actively secreted by one or more of these transporter 
families, including organic cationic (e.g., famotidine, trim¬ 
ethoprim, dopamine), organic anionic (e.g., ampicillin, 
cefazolin, furosemide), nucleoside (e.g., zidovudine), and 
P-glycoprotein transporters (e.g., digoxin, vinca alkaloids, 
steroids). 52,60 Alterations in filtration, secretion, or reabsorp¬ 
tion secondary to CKD may have a dramatic effect on drug 
disposition. For drugs that are primarily filtered, a reduc¬ 
tion in GFR will result in a proportional decrease in renal 
drug clearance. 


PHARMACOGENOMICS 

Over the last 2 decades, genome-wide analyses have identi¬ 
fied genetic variants that are associated with the risk of 
several diseases, 62,63 although most confer a very low relative 
risk and have low discriminatory and predictive values. 64,65 
The variability in how patients respond to drug treatments 
is a consequence of alterations in pharmacokinetics and 
pharmacodynamics, as oudined in this chapter, as well as 
differences in their genotypes and/or phenotypes. 63,66 ' 72 The 
validity of phenotyping cocktails and their correlation 
with genotyping data are still in need of clarification. 73 
Genotyping information is becoming more widely available 
than phenotyping data by clinicians and patients and this 
is bringing in demands for a more individualized approach 
to pharmacotherapy. Genotypic characterization now 
serves as the basis for dosing recommendations for some 
drugs, 74 " 77 and more than 120 U.S. Food and Drug Admin¬ 
istration (FDA)-approved drugs have pharmacogenomic 
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information in their labeling, including fluoropyrimidines, 
codeine, SSRIs, tricyclic antidepressants, [1-blockers, opiates, 
neuroleptics, antiarrhythmic agents, and statins. 78 However, 
the promise of pharmacogenomics has not always translated 
into improvements in patient care because of the inaccuracy 
of results and the complexities involved. 79,80 In late 2013, 
FDA approved four diagnostic, high-throughput, gene¬ 
sequencing devices, which represents a significant step 
forward in the ability to generate genomic information that 
will ultimately improve patient care. 81 As Collins and 
Hamburg from the National Institutes of health (NIH) and 
FDA have stated, “There are many challenges ahead before 
personalized medicine can be considered truly embedded 
in health care. We need to continue to uncover variants 
within the genome that can be used to predict disease onset, 
affect progression, and modulate drug response.” 80 New 
genomic findings need to be validated before they can be 
integrated into medical decision making. Physicians and 
other health care professionals will need support in inter¬ 
preting genomic data, integrating it into clinical decision 
making, and applying the results to individual patients. With 
the right information and support, patients will be able to 
participate with their physicians in making more informed 
decisions. 

As an example of the complexity of individualizing drug 
therapy on the basis of genomic information, the commonly 
prescribed anticoagulant, warfarin, may be considered. Two 
recently published trials raise significant questions regard¬ 
ing the value of genomic data to guide the initial dosing of 
this agent. 82 ' 83 A genotype-guided approach to warfarin 
dosing failed to improve anticoagulation control during the 
first 4 weeks of treatment, according to the first of the 
articles. 82 Among 1015 patients assigned to usual care or 
usual care plus genotype, international normalized ratio 
(INR) results showed that the mean percentage of time in 
the therapeutic range at 4 weeks was 45.2% in the genotype- 
guided group and 45.4% in the usual care group. Moreover, 
rates of the combined outcome of any INR of 4 or more, 
major bleeding, or thromboembolism did not differ signifi¬ 
cantly according to dosing strategy. 

The second study reported conflicting results in that 
pharmacogenetic-based dosing was associated with a slightly 
but significantly higher percentage of time in the therapeu¬ 
tic INR range, with significantly fewer incidences of exces¬ 
sive anticoagulation (INR > 4.0) in the genotype-guided 
group. Thus, at present, there are insufficient data indicat¬ 
ing a therapeutic benefit related to genomic information in 
persons with normal kidney function, much less those with 
CKD or AKI. 84 


PHARMACODYNAMICS 

The fundamental concept of pharmacodynamics is described 
by the Hill equation. This model has been extensively used 
to optimize the effects of most antimicrobial agents. 85 The 
principles are applicable to guide the dosing of medications 
in patients with CKD, as well as those with normal kidney 
function. In the patient with CKD, the concentration time 
profile of many drugs is altered, so the dosage regimen 
predicted will likely be different than the normal regimen. 


This is because of the prolonged elimination half-life, which 
results in an increased area under the concentration-time 
curve. Only rarely has there been evidence of an alteration 
in the concentration effect relation in patients with AKI or 
CKD; pharmacokinetic changes predominantly contribute 
to the need for a modified dosing regimen. 

The concentration (C) is the primary driving force that 
obligates altered dosage regimens to achieve the desired 
pharmacodynamic targets. The actual effect is a function of 
the maximum effect and the concentration producing the 
half-maximum effect. The Hill coefficient (H) is a measure 
of the sigmoidicity of the effect-concentration correlation: 



From this equation, the threshold concentration, which 
produces 5% of the maximum effect, and the ceiling 
concentration, which is associated with 95% of the maximum 
effect, can be derived. The higher the Hill coefficient, 
the higher the threshold concentration and the narrower is 
the range of lower and upper target concentrations; this is 
because the ceiling concentration comes down close to 
the concentration producing the half-maximum effect 
(Figure 64.3): 

CE 05 =19h • CE W 
CE 95 =19h.CE 50 

The difference between the ceiling and threshold con¬ 
centrations can be measured by multiples of the respective 
elimination half-life. The ceiling concentration is the upper 
limit of the targeted peak concentration (C pea k < CE 95 ), 
whereas the threshold concentration marks the lower limit 


Threshold (CE 0S ) and ceiling (CE 95 ) concentration 



Concentration 


Figure 64.3 Threshold concentration, CE 05 , producing 5% of the 
maximum effect and ceiling concentration, CE 95 , producing 95% of 
the maximum effect. With a Hill coefficient of H = 1.0, CE 05 = 0.5 and 
CE 95 = 190, whereas for H = 4.0, the threshold is higher, with CE 05 = 
6.0, but the ceiling is much less, with CE 95 = 21 mg/L. 
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of effective trough concentration (Chough > CE 05 ). For a drug 
with a short half-life (t y) and a high Hill coefficient, the 
therapeutic range of target concentrations can be very small 
(see Figure 64.3): 


CE 05 = CE 95 • exp 




In(2) n j 

2 t In (19) 
H* In (2) 
8.5 

T 


For the p-lactam ceftazidime, with a short half-life of 2.1 
hours in patients with normal kidney function but with a 
high Hill coefficient of 3.7, 86 the peak to trough or ceiling 
to threshold time of 5 hours indicates that ceftazidime 
should be given at least every 6 hours to maximize efficacy. 
In contrast, and in agreement with the postulated postanti¬ 
biotic effect, the maximum peak to trough time is estimated 
as 13 hours for gentamicin, with a half-life of 2 hours but a 
Hill coefficient of 1.3. 86 

The most important progress in anti-infective dosing 
has been achieved with the differentiation of drugs 
with time-dependent actions from drugs with concen¬ 
tration-dependent actions. 87,88 Specific examples are the 
(J-lactam-antibiotics and antiviral drugs with a known time- 
dependent effect, whereas aminoglycosides and quinolones 
have a concentration-dependent activity. The threshold and 
ceiling concentrations are specific functions of the concen¬ 
tration producing the half-maximum effect and the Hill 
coefficient. Both explain the observation that anti-infective 
drugs with a time-dependent effect have a significantly 
higher Hill coefficient than those with a concentration- 
dependent action. 86 A high Hill coefficient is associated with 
a high threshold concentration but, simultaneously, with a 
relatively low ceiling concentration. Thus, it makes no sense 
to increase the dose of time-dependent anti-infective drugs 
above the ceiling concentration. In contrast, a low Hill coef¬ 
ficient is associated with a high ceiling concentration and 
low threshold concentration. Thus, it might increase the 
effect of concentration-dependent anti-infective drugs to 
give a high single dose but it is not so critical to extend the 
administration interval, as proposed for aminoglycosides. 89 
Practically, it is necessary to administer anti-infective drugs 
with a time-dependent action more frequently, whereas anti- 
infective drugs with a concentration-dependent action 
should be given with a higher maintenance dose to increase 
efficacy (Figure 64.4). 

Usual measures of the antimicrobial effect, such as the 
time over minimal inhibitory concentrations (MICs), 
AUC over MIC, time over MIC, or peak over MIC, can be 
unified to the following concept. The target concentration 
should not be less than the threshold concentration 
for time-dependent effects, but the target concentration 
could be as high as the ceiling concentration for 
concentration-dependent effects. A close correlation of the 
MIC and concentration producing the half-maximum effect 
has been shown. 86 It was obvious, however, that for 
concentration-dependent antimicrobial action, the MIC 
could fall considerably below the concentration producing 



Figure 64.4 Although the average steady-state concentrations 
(C ava ) are identical regardless of which dosage adjustment strategy 
one decides to use, the concentration-time profile will be markedly 
different if one changes the dose and maintains the dosing interval 
(x) constant (Scenario A), versus changing the dosing interval and 
maintaining the dose constant (Scenario B) or changing both (Sce¬ 
nario C). 


the half-maximum effect (MIC <S CE 50 ). Consequently, it 
might be more reasonable to compare the bacteriologic 
MIC with the pharmacodynamic parameter of a threshold 
concentration: 


CE teshold = CEos = MIC 

From the Hill coefficient, one can postulate that the time- 
dependent action and concentration-dependent action 
are only the extreme positions of a continuum. Every drug 
can be considered as concentration-dependent and time- 
dependent. To overcome resistance, a higher dose might be 
necessary, because relative resistance can be seen in cases in 
which a high concentration is required to produce the half¬ 
maximum effect. The potency is the inverse concentration 
producing the half-maximum effect: 

Potency = —-— 

CE 60 

This concept distinguishes a relative resistance from an 
absolute drug resistance. A pathogen with a relative resis¬ 
tance can be made sensitive by increasing the dose. 96,92 Thus, 
for example, it has been recommended to treat severe infec¬ 
tions with resistant strains by increasing the standard 
meropenem dose to 2000 mg/day, three times daily, 93 or the 
daptomycin dose to more than 8 mg/kg/day, 94 with careful 
monitoring of side effects. 


ASSESSMENT OF KIDNEY FUNCTION 

The standard measure of kidney function for decades has 
been the GFR. 61 The GFR can be measured using many 


Downloaded for Ahmed Othman (aothman@kockw.com) at Kuwait Oil Company from ClinicalKey.com by Elsevier on December 10, 2017. 
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved. 



















2042 SECTION IX - CONSERVATIVE MANAGEMENT OF KIDNEY DISEASE 


Table 64.5 Equations for Estimation of Creatinine Clearance or Glomerular Filtration Rate in Adults with 
Stable Renal Function 


Reference 

Equation 

Cockcroft and Gault (1976) 

Men: CrCI = (140 - age)IBW/(sCr x 72) 

Women: CrCI x 0.85 

Jelliffe (1973) 

Men: CrCI = 98 - [0.8 (age - 20)]/sCr 

Women: CrCI x 0.9 

MDRD6 (1999) 

eGFRCr = 170 x (sCr) -0 " 9 x (age)" 0,176 x (0.762 if patient is female) x (1.180 if patient is 
black) x (BUN)" 0 - 170 x (Alb) 0318 

MDRD4 (2000) 

eGFRCr = 186 x (sCr) -1154 x (age) -0203 x (0.742 if patient is female) x (1.210 if patient is 
black) 

MDRD4-IDMS (2007) 

eGFRCr = 175 x (sCr) -1154 x (age) -0 - 203 x (0.742 if patient is female) x (1.210 if patient is 
black) 

CKD-EPI (2009) 

eGFRCr = 141 x min(sCr/K, 1)“ x max(sCr/K, I)" 1 - 209 x 0.993 a9S x (1.018 if patient is female) 
x (1.159 if patient is black) 

• k is 0.7 for females and 0.9 for males. 

• a is -0.329 for females and -0.411 for males.. 

• min is the minimum of sCr/K or 1. 

• max is the maximum of sCr/K or 1. 

Larsson et al (2004) 

eGFRCys = 77.24 x (CysC [in mg/L])" 1 2623 

Macdonald et al (2006) 

Log 10 eGFRCys = 2.222 + (-0.802 x ^CysC in ^ ) + (0.009876 x LM) 

CKD-EPI cystatin C equation (2012) 

eGFRcys = 133 x min(sCys/0.8, 1) - 0.499 x max 
(sCys/0.8, 1) - 1.328 x 0.996 a9a (x 0.932 if female) 

• sCys is serum cystatin C. 

• min is the minimum of sCys/0.8 or 1. 

• max indicates the maximum of sCys/0.8 or 1. 

CKD-EPI creatinine-cystatin C equation 

eGFRCr-Cys = 135 x min(sCr/K, 1)a x max(sCr/K, 1) - 0.601 x min(sCys/0.8, 1) - 0.375 x 

(2012) 

max(sCys/0.8, 1) - 0.711 x 0.995 age (x 0.969 if female) (x 1.08 if black) 

• k is 0.7 for females and 0.9 for males. 

• a is -0.248 for females and -0.207 for males. 

• min indicates the minimum of sCr/K or 1. 

• max indicates the maximum of sCr/K or 1. 


Alb, Albumin; CrCI, creatinine clearance in mlVmin; IBW, ideal body weight (kg); LM, lean mass; sCr, serum or plasma creatinine (mg/dL). 

For SI conversion purposes, serum or plasma creatinine is converted from pmol/L to mg/dL by multiplying by 0.0113; conversion from 
creatinine clearance conventional units of mL/min to SI units of mL/s requires multiplication by 0.0167 
Equations compiled from references 95-107. 

V. J 


exogenous substances; however, the administration of exog¬ 
enous substances is not practical for routine individual drug 
dose calculations in clinical practice because the procedures 
are not timely and not uniformly available. 

Although GFR has been estimated based on the mea¬ 
sured urinary clearance of creatinine (mCrCl) derived from 
a 24-hour urine collection, estimated creatinine clearance 
(eCrCl) or estimated GFR (eGFR; Table 64.5) are the means 
predominantly determined in clinical practice from the 
serum creatinine (sCr) and/or cystatin C (CysC) concentra¬ 
tions and patient factors. 95 ' 101 The advantage of these 
methods are that timely results are available for routine 
clinical practice and that for most people, they provide an 
acceptable assessment of measured GFR (mGFR) or mCrCl, 
respectively. The variation in sCr assays led to differences in 
reported serum creatinine values among as well as within 
laboratories. 102 To address this issue, in 2005, the National 
Institute of Standards and Technologies released materials 
that are traceable to the certified reference materials for 
creatinine whose value was assigned using isotope dilution 


mass spectroscopy (IDMS) . 96,103 It is now estimated that most 
laboratories currently report creatinine values traceable to 
this reference method. The use of IDMS creatinine assays 
will likely lead to less variation in kidney function estimates 
and theoretically more consistent drug dosing recommen¬ 
dations across institutions and clinical settings. Estimated 
GFRs based on current creatinine assays are likely to 
yield different drug dosage recommendations from those 
intended by the original study, even if the same estimating 
equation is used due to this change in analytic methodology. 
It is not possible or practical to repeat all the PK studies with 
standardized creatinine-determined eCrCl or eGFR, and 
therefore it is still reasonable to use drug dosing adjust¬ 
ments that appear in FDA- and European Medicines Agency 
(EMA)-approved product labeling. 

Traditionally, drug dosing was based on estimation of 
creatinine clearance (eCrCl) using the Cockcroft and Gault 
(CG) formula. 9,100 For implementation in the chemical labo¬ 
ratory report, the CG equation is not suitable because body 
weight is usually not available in the electronic health 
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record. The Modification of Diet in Renal Disease (MDRD) 
equations, which do not require body weight, were devel¬ 
oped from an extensive sample of patients with CKD, all of 
whom had a measured GFR (i.e., iothalamate clearance) of 
less than 90 mL/min/1.73 m 2 ) , 98 ' 104 They were initially used 
by clinical laboratories, although they were only validated 
for patients with a GFR less than 60 mL/min. Therefore, 
the new CKD-EPI equation was developed to allow estima¬ 
tion of GFR throughout the full range of the chronic kidney 
disease." The CKD-EPI (Chronic Kidney Disease Epidemiol¬ 
ogy Collaboration) eGFR equation has recendy replaced the 
MDRD equation as the primary index for the staging of 
CKD, and values are now reported throughout the GFR 
range by Quest and LabCorp, the two largest laboratory 
service providers in the United States. For classifying kidney 
function into one of the five stages of chronic kidney disease, 
the standardized CKD-EPI formula is currently preferred. 105 
Both the MDRD and CKD-EPI equations estimate the GFR 
for a standard 1.73 m 2 body surface area (BSA); thus, for an 
individual patient, the BSA must be determined separately 
so that the eGFR can be expressed in milliliters per minute 
(mL/min). 

Serum cystatin C has been proposed as an alternative 
marker to estimate GFR, rather than serum creatinine. Mul¬ 
tiple equations have been proposed to estimate GFR from 
age, weight, gender, race, and muscle mass based on serum 
cystatin C measurements. 106 The combined use of both 
serum markers, cystatin C and creatinine, allows an even 
more accurate estimate of kidney function than either of 
them alone. 107 Adjusting drug doses based on the measure¬ 
ment of cystatin C appears to be an effective and valid tool 
in the limited number of applications (mainly relating to 
chemotherapy and antibiotic dosing) for which it has been 
studied. 108 ' 111 

Few studies have examined the role of alternative GFR 
estimating equations on drug dosing. In general, when con¬ 
sidered against chromium-EDTA measurement of GFR, the 
MDRD formula tends to underestimate GFR relative to the 
CG formula. 112 ' 115 Gill and colleagues 114 demonstrated that 
in a multiethnic and older CKD population, these equations 
were not interchangeable for the calculation of drug dosing. 
Discordance between the CG and MDRD equations occurred 
in 60% of older patients. When MDRD was used instead of 
CG, 20% fewer patients qualified for a reduction in the dose 
of amantadine, potentially resulting in an inappropriately 
high cumulative dose. 114 


PEDIATRICS 

The original equation to estimate GFR, as described by 
Schwartz and colleagues, 116 is dependent on the child’s age 
and length: 

GFR = (length [cm]xk)/sCr (in mg/dL) 

where k is defined by age group: infant (1 to 52 weeks) = 
0.45; child (1 to 13 years) = 0.55; adolescent male = 0.7; and 
adolescent female = 0.55. The serum creatinine level in 
pmol/L can be converted to mg/dL by multiplication using 
0.0113 as the conversion factor. A newer version of the 
Schwartz equation 117 was developed from a population 


of 349 children (age 1-19 years) with mild to moderate 
CKD enrolled in the Chronic Kidney Disease in Children 
(CKid) study: 

GFR = 0.41 X (length in cm)/sCr in mg/dL 

Lee and associates 118 have recently reported that this new 
Schwartz equation performed better than the original 
Schwartz equation for patients with moderate CKD, but was 
less accurate in patients with mild CKD. In pediatric patients, 
methods incorporating cystatin C have several advantages 
for evaluating kidney function. 119 The most recent eGFR 
equation evaluated in pediatrics includes use of cystatin C, 
blood urea nitrogen (BUN), serum creatinine level (in mg/ 
dL) and demographic data derived from over 600 pediatric 
patients enrolled in the CKiD study 120 : 

eGFR (mL/min/1.73 m 2 ) 

= 39.8 x (ht [mJ/sCr) 0 ' 456 x (1.8/cystatin C) a4ls 
x (30/BUN) 0 079 x 1,076 malp x (ht [m]/1.4) 0179 

This equation had the highest R 2 value (0.863) and highest 
frequency of values within 30% of iohexol-measured GFR 
(91.3%) when compared to seven other GFR estimating 
equations. 


ACUTE KIDNEY INJURY 

At present, the staging of acute kidney injury is based on 
sequential measurement of the serum creatinine level and 
urine output. 121 ' 125 Because the GFR is inferred from the 
serum creatinine or cystatin C, all estimates of kidney func¬ 
tion lag the real-time GFR. Although several methods have 
been proposed to estimate GFR in this patient population, 
none have been rigorously evaluated, and their use in clini¬ 
cal practice is extremely limited. 119,126 ' 129 The latest proposed 
method to estimate GFR in patients with AKI is the kinetic 
GFR (kinetGFR), which is based on age (years), weight (kg), 
and serum creatinine (pmol/L) and holds true for increas¬ 
ing and decreasing kidney function. 130 

kinetGFR = [15 ° ~ age(years) ]» weight(kg) 
Cr 2 (pmol/L) 

# [ Cr 2 - Cri ^ 24(hours) 1 
[ t 2 — ti 200(pmol/L)J 

This approach is based on an estimate of the creatinine 
production similar to the CG equation. 95 The kinetic 
eGFR incorporates changing creatinine values over speci¬ 
fied time intervals as well as the actually measured serum 
creatinine values, similar to the earlier approaches of 
Jelliffe, 127 Brater, 126 and Chiou and Hsu. 128 It relates the 
increase in serum creatinine within a specified time interval 
to the maximum increase in creatinine level in 1 day. 
Because creatinine excretion in the urine corresponds to 
creatinine production, the maximum increase in sCr is 
about 200 pmol/L if the patient’s actual GFR is 0. Thus, 
the kinetic eGFR predicts what subsequently will be measur¬ 
able but in fact is already the case with kidney function. The 
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kinetic eGFR solves the problem that there is always a 
delay between rapidly changing kidney function and 
measurable variables, namely sCr or urine output. The cal¬ 
culation of a patient’s kinetic eGFR may allow one to use 
the eCrCl- or eGFR-based dose adjustment recommenda¬ 
tions derived from patients with CKD and applicable in part 
for those with AKI. 130 Rigorous independent studies will be 
needed to confirm its validity and utility in clinical 
practice. 

PATIENTS RECEIVING DIALYSIS 

Some patients on dialysis or on continuous renal replace¬ 
ment therapy (CRRT) have residual kidney function that 
substantially contributes to the elimination of drugs and 
their metabolites. Unfortunately, estimating residual 
kidney function in patients undergoing dialysis is challeng¬ 
ing because the serum creatinine concentration reflects 
not only residual kidney function, but also the efficiency of 
dialysis and role of muscle mass on creatinine generation. 
Creatinine clearance measurements are less reliable as a 
measure of GFR in patients on hemodialysis (HD) or 
CRRT than in those with earlier stages of CKD because 
of the following: (1) the volume of urine output is 
heavily influenced by changing hydration status during the 
cyclic changes that are inherent as a result of intermittent 
ultrafiltration; (2) the serum creatinine concentration 
changes over the duration of the clearance measurement; 
and (3) tubular secretion of creatinine contributes to its 
clearance. Estimation of residual kidney function in patients 
on HD or CRRT is often done by calculating the mean of 
a measured urea and creatinine clearance. Measuring 
the elimination of iohexol after an IV dose has been 
reported to be an accurate and safe measure of residual 
kidney function in patients on dialysis and can inform drug 
dosing. 131 

Which one of the many eCrCl or eGFR equations should 
be used to determine the degree of adjustment of drug 
dosage regimens for patients with AKI or CKD? The pros 
and cons of the various GFR estimating equations have been 
extensively reviewed. 112 ' 113 Moreover, there is a body of evi¬ 
dence on drug dosing methodology that has been derived 
based on measured creatinine clearance or eCrCl using the 
CG equation. 132 The MDRD and CKD-EPI equations signifi¬ 
cantly overestimated CrCl (mCrCl and CG) in older indi¬ 
viduals. 114 This has led to dose calculation errors for many 
drugs, particularly in individuals with severe CKD. Thus, we 
have concluded that eGFR equations should not be substi¬ 
tuted in place of the CG equation in older adults for the 
purpose of renal dosage adjustments. 

It is the advantage of the CG equation that body weight 
is considered as a determinant of drug distribution volume. 
The choice of the optimal GFR estimating equation is of 
utmost importance for drugs with a narrow therapeutic 
index for which dosing individualization is often continuous 
rather than categoric. Finally, because most pharmacoki¬ 
netic studies in patients with CKD conducted over the last 
40 years have used estimated or measured CrCl as the esti¬ 
mate of GFR, the CG method in adults and the latest 
Schwartz method in children remain the criteria to be used. 
However, for patients with AKI, there is no obvious best 
choice for GFR estimation to guide drug dosing. 


DRUG DOSING CONSIDERATIONS 

PATIENTS WITH CHRONIC KIDNEY DISEASE 

Despite the availability of numerous guidelines regarding 
drug dosing for patients with impaired kidney function, 
there is insufficient evidence as to which, if any, is pre¬ 
ferred. 5 ' 13,33133 ’ 135 Occasionally, recommendations derived 
from postmarketing studies conflict with the information in 
these reports, as well as the official FDA or EMA product 
labeling. Prior to 1998, there were no official guidelines 
regarding when and how to characterize the relationship 
between the pharmacokinetics and pharmacodynamics of a 
drug and kidney function. The FDA guidelines issued in 
May 1998 136 and the 2010 proposed revision, 137 and the EMA 
guidelines of 2004, 138 have provided frameworks for which 
drugs should be evaluated and guidance regarding study 
design, data analysis, interpretation of study results, and 
recommendations for the incorporation of data into product 
labeling. 

GOALS OF THERAPY 

The desired goal is typically the maintenance of a similar 
peak, trough, or average steady-state drug concentration 
or, for antibiotics, an optimized pharmacodynamic measure, 
such as the time above the MIC or the ratio of the drug 
area under the AUC to the MIC, as would be optimal for 
persons with normal kidney function 8,86 ' 139 (see earlier, 
“Pharmacodynamics,” for more detail). When there is a 
significant relationship between drug concentration and 
clinical response 86 (e.g., aminoglycosides) or toxicity 39 
(e.g., phenytoin), attainment of the specific target values 
becomes critical. If, however, no specific PK or PD target 
values have been reported, a regimen goal of attaining and 
maintaining the same average steady-state concentration 
may be appropriate. 

INDIVIDUALIZATION OF THE DRUG 
DOSAGE REGIMEN 

Most dosage adjustment guidelines have proposed the use 
of a fixed dose or interval for patients with broad ranges of 
kidney function. 35,134 135 140 143 The mild, moderate, and severe 
CKD categories vary among reference sources, so the rec¬ 
ommended regimen may not be optimal for all patients 
whose kidney function lies within the range, especially for 
agents with a narrow therapeutic index. 9 The approach to 
developing drug dosage adjustment recommendations for 
the patient with CKD is predicated on attainment of the 
desired exposure goal at steady state. To achieve the desired 
goal in a timely fashion, a stepwise approach that includes 
multiple considerations (Table 64.6) for each individual 
drug should be considered. 135 The following considerations 
may help guide individualization of therapy. 

The initial or loading dose (LD), which in many patients 
with AKI will be larger than the typical maintenance dose, 
should be calculated to achieve the desired C max therapeutic 
drug concentration. An LD should be used for most patients 
with stage 4 or 5 CKD to achieve the desired steady-state 
concentration rapidly and in which the volume of distribu¬ 
tion (V D ) of a drug is significantly increased in patients with 
AKI and CKD relative to those with normal kidney function. 
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Table 64.6 Stepwise Approach to Adjust Drug Dosage Regimens for Patients with Impaired Kidney Function 


Step 

Process 

Assessment 

1 

Obtain history and relevant 
demographic and clinical 
information. 

Record demographic information, obtain past medical history, including history of renal 
disease, and record current laboratory information (e.g., serum creatinine). 

2 

Estimate creatinine clearance. 

Use Cockcroft-Gault equation to estimate creatinine clearance, or calculate creatinine 
clearance from timed urine collection. 

3 

Review current medications. 

Identify drugs for which individualization of the treatment regimen will be necessary 

4 

Calculate individualized treatment 
regimen. 

Determine treatment goals (see text); calculate dosage regimen based on 
pharmacokinetic characteristics of the drug and patient’s renal function. 

5 

Monitor. 

Monitor parameters of drug response and toxicity; monitor drug levels if available or 
applicable. 

6 

Revise regimen. 

Adjust regimen based on drug response or change in patient status (including renal 
function), as warranted. 


Adapted from Mohammad RA, Matzke GR. Drug dosing in renal failure. In DiPiro J, Talbert R, Yee G, et al, editors: Pharmacotherapy: a 
pathophysiologic approach, ed 9, New York, 2014, McGraw-Hill. 


If the relationship between V D and CrCl has been character¬ 
ized, then the V D should be estimated from that relation¬ 
ship. If no LD is prescribed, four half-lives of the drug must 
pass before the desired steady-state plasma concentration is 
achieved; however, doing so may contribute to therapeutic 
failure. The proportion of the LD given affects the magni¬ 
tude of the steady-state plasma concentration and how 
rapidly plasma concentrations are achieved. An LD equiva¬ 
lent to the dose given to a patient with normal kidney func¬ 
tion should be given to patients with impaired kidney 
function if the drug’s half-life is especially long and if the 
physical examination suggests normal ECF volume. If the 
patient has marked volume expansion or evidence indicates 
that the V D of the drug is larger in patients with CKD, then 
a higher dose can be calculated from the following 
expression: 

LD = V D x C max x IBW 

where V D is the drug’s volume of distribution (in liters per 
kilogram of IBW in those with CKD), IBW is the patient’s 
ideal body weight (in kilograms), and C max is the desired 
steady-state maximum plasma drug concentration. 

The primary reference for information regarding the 
maintenance dose for patients with CKD should be the FDA 
and/or EMA official product labeling. If no official drug 
dosing guidance is available, one may need to search the 
literature to find a recommendation strategy derived from 
nonregulatory or postmarketing clinical investigations. If no 
such resource is found, one can consult online or published 
tertiary references that have developed dosing recommen¬ 
dations based on the Dettii or Tozer method, initially 
published in 1974. 11 12 They used similar foundational 
PK characteristics and approaches to calculate the mainte¬ 
nance dose for a patient with a given eCrCl. In essence, 
either the dose (D) should be reduced or the interval (x) 
extended. When the dose is reduced, the C max will be lower 
and the trough concentrations will be higher than those 
observed in persons with normal kidney function. When the 
administration interval is extended, the peak and trough 


concentrations are kept constant hut the dosing frequency 
decreases (see Figure 64.4) . 

To maintain the normal dose interval in patients with 
impaired kidney function, the amount of each dose after 
the loading dose can be estimated from the following 
equation: 

D f = D n x Q 

where D f is the dose for the patient with impaired kidney 
function to be given at the normal dosing interval, D n is the 
normal dose, and Q is the dosage adjustment factor. The 
dosage adjustment factor (Q) can be calculated as: 

Q = l-(f e [l-KF]) 

where f e is the fraction of the drug eliminated unchanged 
renally in a patient with normal renal function, KF is the 
ratio of the patient’s CrCl or GFR to the assumed normal 
value of 120 mL/min (equivalent to 2.00 mL/sec). Thus, 
for a drug that is 85% eliminated unchanged by the kidneys, 
the Q factor in a patient who has a CrCl of 10 mL/min 
(0.17 mL/sec) would be as follows: 

Q = l-(0.85[l-% 0 ]) 

= 1 —(0.85[0.92]) 

= 1-0.78 

= 0.22 

If one desires to give the same maintenance dose, a factor 
that may be required because of the limited availability of 
alternative formulations, the dosing interval at which the 
normal dose should be administered can be calculated as 
follows: 

Tf =x n /Q. 

The decision to extend the dosing interval beyond a 
24-hour period should be based on the need to maintain 
therapeutic peak or trough levels. The dosing interval may 
be prolonged if the peak level is most important. Prolonging 
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the dose interval in patients on dialysis is frequently a con¬ 
venient method to modify the drug dosage regimen. This 
method is particularly useful for drugs with a long plasma 
half-life. In general, drugs removed by dialysis given once 
daily should be given after the dialysis treatment, with ami¬ 
noglycosides a notable exception. 144-146 

A third alternative that is especially helpful when the 
calculated dose or dosing interval is impractical is to select 
the administration interval according to the target trough 
concentration while the peak is kept constant: 

Ttarget = (t^ /0.693) x In (C peak /C trough . target ) 


D = LDx(l-C ttough ^ get /C peak ) 


Alternatively, one can calculate the adjusted dose (D p ) 
to be given at the predetermined practical dosage interval 
(x p or x ptarget ) as follows: 

D p = (D n xtpX Q,)/x n 

where x f is the estimated dosing interval, as calculated from 
the above equation for x ptarget , or the clinically practical value 
for the renally impaired patient (e.g., 12, 18, 24, 36, 48 
hours). These approaches, which use a combination of the 
dose reduction and interval prolongation methods, are 
often the most clinically practical. When in doubt, clinicians 
should consult an experienced pharmacist, preferably one 
with extensive experience in evaluating patients with CKD 
and altered body composition (e.g., fluid overload). 


MEASUREMENT OF THERAPEUTIC DRUG LEVELS 

Measuring drug concentrations is one way to optimize ther¬ 
apeutic regimens and account for changes among and 
within individuals. Therapeutic drug monitoring requires 
availability of rapid, specific, and reliable assays and 
known correlations of drug concentration to therapeutic 
and toxic outcomes. Hypoalbuminemia may influence inter¬ 
pretation of drug concentrations because the total drug 
concentration may be reduced, even when the active 
unbound drug concentration generally is not. Unbound 
drug concentrations are often not clinically available, so 
clinicians must empirically consider the influence of hypo¬ 
albuminemia in their interpretation of measured total drug 
concentrations, as in the case of phenytoin and several anti¬ 
biotics (e.g., daptomycin). 39,147,148 


PATIENTS WITH ACUTE KIDNEY INJURY 

Critically ill patients frequently develop AKI; depending on 
the definition, from 5% to 15% of all non-same-day hospi¬ 
talization care is complicated by AKI. 25,149 In most cases, 
drug dosing is based on drug disposition information 
derived from studies in stable patients with CKD. Unfortu¬ 
nately, there are large gaps in knowledge of drug metabo¬ 
lism and disposition in patients with AKI; thus, patients may 
be at significant risk for underdosing as well as overdosing. 
More than 30 definitions of AKI have been published in the 
literature. 121 ' 125 The lack of a consensus definition and clas¬ 
sification of AKI reflects the wide range of causes and sever¬ 
ity with which it presents. The presentation can vary from 
part of multiorgan dysfunction in critically ill patients to 
isolated AKI. 150 As a result, AKI-related, in-hospital mortality 


rates vary from 70% in intensive care unit (ICU) patients 151 
to 35% in other hospitalized patients. 152 

The potential effects of AKI on drug dosing are of major 
consequence because AKI patients are often critically ill and 
require multiple drug therapies, some of which may be 
nephrotoxic or require dose modification in the setting of 
AKI. The pharmacokinetic changes in absorption, distribu¬ 
tion, metabolism, and excretion presented earlier in this 
chapter and in other sources are foundational to optimal 
patient care. 26,153 The clinician needs to appreciate these 
factors and realize that they may worsen and improve over 
the period of evolution or recovery of the AKI episode. 
Critically ill patients with AKI typically have minimal oral 
intake of food and liquids and commonly require parenteral 
administration of drugs otherwise given orally (e.g., antihy¬ 
pertensives, immunosuppressives). 

There is a paucity of dosing algorithms to guide pharma¬ 
cotherapy, derived from investigations of the PK and PD of 
medications in patients with AKI. Most of the critical care 
literature and almost all FDA or EMA product labeling 
contain drug dosage recommendations derived from obser¬ 
vations of patients with CKD and ESKD. The limited data 
available in the setting of AKI have predominantly been 
developed by clinicians; rarely is this information incorpo¬ 
rated into official product labeling. The principles of drug 
dosage regimen modification described earlier for use in 
CKD thus remain the foundation for therapy optimization 
in patients with AKI. 

LOADING DOSE 

Many patients with AKI are overhydrated, and the distribu¬ 
tion volume is much larger than under normal conditions. 
Thus, the LD may need to be higher than the normal start¬ 
ing dose for persons with normal kidney function. Because 
the V D of many drugs, especially hydrophilic antibiotics, 
including P-lactams, cephalosporins, and carbapenems, are 
significantly increased in the presence of AKI, the adminis¬ 
tration of proactive loading doses (25% > normal) are 
highly recommended. 

MAINTENANCE DOSE 

Forecasting the degree and rate of change in kidney func¬ 
tion and fluid volume status is extremely challenging. Thus, 
maintenance dosing regimens for many drugs, especially 
antimicrobial agents, should be initiated at normal or near¬ 
normal dosage regimens and adjustments made based on 
the relationship between drug pharmacokinetic character¬ 
istics and kidney function, as described earlier. Prospective 
measurement of serum drug concentrations and analysis 
using state of the art PK and PD approaches should be used 
whenever possible. 


PATIENTS UNDERGOING HEMODIALYSIS 

The optimization of pharmacotherapy for patients 
receiving maintenance hemodialysis and emergent hemodi¬ 
alysis are both critically dependent on the availability of 
reliable information from well-designed pharmacokinetic 
studies. 154457 The impact of hemodialysis on drug therapy is 
dependent on the drug characteristics and dialysis prescrip¬ 
tion. Drug-related factors include molecular weight (MW) 
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or size, degree of protein binding, and distribution 
volume. 135 The vast majority of hemodialysis filters in use up 
until the mid-1990s were generally impermeable to drugs 
with a molecular weight greater than 1 kDa. 155467 Dialysis 
membranes in the twenty-first century are predominandy 
composed of semisynthetic or synthetic materials, which 
have larger pore sizes, and this allows the ready passage of 
drugs that have a MW up to 20 kDa. 

Drug clearance during dialysis can occur by three differ¬ 
ent processes. 6,156,157 Drug removal by conventional HD 
occurs primarily by diffusion down a concentration gradient 
from the plasma to the dialysate. Removal of low-MW drugs 
is enhanced by increasing blood and dialysate flow rates and 
by using large surface area dialyzers. Larger molecules 
require more porous membranes for increased removal. 
The clearance of a drug by conventional HD can be esti¬ 
mated from the unbound fraction (f u ) and the following 
relationship: 

CIhd = fu X Clurea X (60/MW drug ) 

where C1 H d is the drug’s clearance by HD, Cl urea is the dialyzer 
clearance of urea, and MW drug is the MW of the drug. The 
urea clearance for most conventional dialyzers varies between 
150 and 200 mL/min and is markedly less than values 
reported with high-flux hemodialyzers. 157 With high-flux 
hemodialysis, the volume of distribution and degree of 
protein binding of the drug become more important deter¬ 
minants of dialyzer clearance. The hemodialyzer clearance 
of drugs that are not highly protein-bound and have rela¬ 
tively small volumes of distribution runs in parallel to urea 
clearance, despite their large molecular mass. 158460 The con¬ 
vective transport and removal of drugs during high-flux HD 
depends primarily on filtration pressure gradient, treatment 
time, blood, and dialysate flow rates. Despite the widespread 
adoption of high-flux hemodialysis in certain parts of the 
world, there are sparse quantitative data on drug clearance. 

Small solute removal is more efficient if the frequency of 
hemodialysis is increased. Daily and nocturnal dialysis thera¬ 
pies yield different clearance values compared with thrice- 
weekly, high-flux, in-center hemodialysis, and also differ 
from each other. There has been very little investigation of 
the effects of frequent or more intensive hemodialysis regi¬ 
mens on drug disposition or comparison among modalities. 
As a result, drug dosing in patients should be guided by 
drug level monitoring when possible. One of the few studies 
to investigate drug clearance by one of these variants focused 
on the aminoglycoside antibiotic gentamicin. Slow noctur¬ 
nal dialysis required a significant increase in gentamicin 
dosage to achieve therapeutic levels compared with conven¬ 
tional thrice-weekly dialysis. 161 The variability in drug clear¬ 
ance was high and did not correlate with small solute 
clearance. Drugs with a molecular size of 500 to 5000 Da 
appear to be particularly likely to have an increased clear¬ 
ance with this modality. Studies of modeled clearance have 
suggested that frequent hemodialysis regimens would be 
associated with enhanced clearance (and the potential of 
underdosing) of daptomycin. 147,148,162,163 This enhanced 
clearance was confirmed in the setting of AKI when the PK 
associated with extended daily dialysis were investigated. 
These findings should be transferable to maintenance HD, 
with a degree of caution about the effects on distribution 


volumes that might arise in the setting of acute septic 
shock. 164 147 One of the other effects of prolonged HD 
appears to be a reduction in rebound of drug concentra¬ 
tions after the termination of dialysis. 165,166 This is probably 
because the rate of transfer from the peripheral to central 
compartment relative to the rate of diffusive removal is 
lower. 

There were more than 100 different dialysis or hemofil- 
ters available in the United States in 2013, and at least four 
distinct variants of hemodialysis are currently being used. 6 
The effect of hemodialysis or hemofiltration on the disposi¬ 
tion of a drug may vary markedly and, because dialyzer or 
hemofilter clearance is rarely evaluated more than once, 
clinicians have to extrapolate data from one procedure to 
another. 167,168 The enhanced efficiency of twenty-first century 
dialyzers means that most of the literature for medications 
developed prior to 2000 probably reflects an underestima¬ 
tion of the impact of hemodialysis. 11=5 Consequently, the 
dosage may need to be empirically increased by 25% to 
50%. Therapeutic drug monitoring should be used for 
drugs with narrow therapeutic indices to optimize safety and 
efficacy. 

ASSESSMENT OF THE IMPACT OF HEMODIALYSIS 

The most commonly used means for assessing the effect of 
hemodialysis is to calculate the dialyzer clearance of a drug 
(C1 P D ) from plasma, as follows: 

CF d = Q p ([A p -V p ]/A p ) 

where Qp is plasma flow through the dialyzer, Ap is the con¬ 
centration of drug in plasma going into the dialyzer, and V p 
is the plasma concentration of drug leaving the dialyzer. 135,166 
This equation tends to underestimate hemodialysis clear¬ 
ance for drugs that readily partition into and out of eryth¬ 
rocytes. In addition, venous plasma concentrations may be 
artificially high if extensive ultrafiltration is performed, so 
thus C1 P D will be lower than it really is. Because of these 
limitations, the recovery clearance approach remains the 
benchmark for the determination of dialyzer clearance and 
can be calculated as follows 135 : 

Cl r D = R/AUCo.t 

where R is the total amount of drug recovered unchanged 
in the dialysate and AUCo- t is the area under the predia- 
lyzer plasma concentration-time curve during the period 
of time that the dialysate was collected. The hemodialysis 
clearance values reported in the literature may vary sig¬ 
nificantly, depending on which of these methods were 
used. 135,156 

It is common practice in most hemodialysis units to 
administer drugs after dialysis to minimize the loss of drug 
that would result from the additional clearance during 
hemodialysis. However, performing hemodialysis immedi¬ 
ately after dosing might be a good option for removal of 
toxic antibiotics 1 ^ 9,1444 46,164,169 and high-dose, anticancer 
therapy. For anticancer drugs, the predialysis administration 
of a normal dose makes sense when the patient undergoes 
hemodialysis 2 to 12 hours later. This strategy delivers 
the desired maximum plasma concentration effect while 
minimizing the toxic drug or metabolic effects 170 183 (Table 
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64.7). Emerging PK and PD considerations suggest that 
administration after hemodialysis may not be the optimal 
approach for several other agents, such as aminoglycosides 
and vancomycin. 139 144 ' 146 164 ' 169 High-bolus dosing immedi¬ 
ately before or during the last hour of dialysis has been 
proposed for some antibiotics, but there have been few clini¬ 
cal studies. 

If the drug is given after dialysis, the postdialysis dose 
(Dhd) should first replace the amount eliminated during 
the interval between dialysis sessions (D fail ) that is the result 
of clearance by the patient’s residual renal function and 
nonrenal clearance. Also, the fraction of drug removed by 
hemodialysis (FR) should be estimated and a supplemen¬ 
tary dose calculated (D suppl ). The dose the patient should 
receive after HD would thus be the sum of these two doses 
(Figure 64.5): 

D hd = D m + D suppl = Dm + (FR X (D start - F m ) 


PATIENTS RECEIVING CONTINUOUS RENAL 
REPLACEMENT THERAPY 

CRRT and hybrid RRTs are commonly used to manage 
patients with AKI in ICUs. 184 CRRT seems to provide less of g 
a challenge for drug dosing than intermittent HD because g 
its continuous nature is analogous with drug removal by c 
native kidneys and potentially amenable to the use of stan- O 
dard, first-order drug clearance equations to calculate 
dosing. However, in practice, CRRT rarely proves as continu¬ 
ous as planned. The CRRT modality and details of the 
therapy prescription can also have significant effects on 
drug clearance. MW, membrane characteristics (highly vari¬ 
able between systems), blood flow rate, and dialysate flow 
rate determine the rate and extent of drug removal. 185 ' 189 
Because most drugs are less than 1.5 kDa, drug removal by 
CRRT does not depend greatly on MW. The use of higher 
hemofiltration volumes, especially if infused prefilter, can 
also affect clearance. The removal of urea, creatinine, and 


vancomycin were increased by 15% to 25% by the predilu¬ 
tion modality. 190 " 192 

CRRT clearances have been noted to decline because the 
time the hemohlter has been in use increases due to the 
accumulation of protein on the dialysis membrane. Clotting 
within the hemofilter’s hollow fibers also reduces the overall 
surface area for clearance. Although these factors have 
received little direct investigation, it appears that they do 
affect drug clearance. 192 

Drug protein binding also affects how much is removed 
during CRRT because only unbound drug is available for 
elimination by CRRT. Protein binding of more than 80% 
provides a substantial barrier to drug removal by convection 
or diffusion. During continuous venovenous hemofiltration, 


Supplementary dose after hemodialysis (HD) 





Figure 64.5 To maintain therapeutic target concentrations, a sup¬ 
plementary dose must be given after hemodialysis to replace the 
removed fraction of the dose. The dose after dialysis (D hd ) combines 
both, the adjusted maintenance dose (D faM) and supplementary dose 

(Dsuppl)- 
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drug clearance generally approximates the ultrafiltration 
rate. The addition of diffusion by continuous venovenous 
hemodiafiltration increases drug clearance and is depen¬ 
dent on the ultrafiltration and dialysate flow rates. As is the 
case during high-flux dialysis, drug removal often parallels 
the removal of urea and creatinine. Thus, the simplest 
method for estimating drug removal during CRRT is to 
estimate urea or creatinine clearance. 8,154 ' 190192 

Hybrid RRTs, including sustained or slow low-efficiency 
dialysis (SLED), extended daily dialysis (EDD), continuous 
SLED (c-SLED), slow low-efficiency daily dialysis (SLEDD), 
and slow low-efficiency daily hemodiafiltration (SLEDD-f), 
which use higher dialysate flow rates and shorter treatment 
periods (6 to 12 hours in duration), are frequently used as 
well. 193 ' 198 To date, hybrid RRT pharmacokinetic data have 
been published for fewer than 20 drugs. 1 The improvement 
of RRT machines and filters has rendered old dosing 
guidelines for drugs, especially antibiotics, obsolete and 
potentially hazardous. Although there are only a few FDA 
or EMA official drug dosing recommendations for patients 
receiving CRRT, several published dosing guidelines are 
widely used. 8 ' 168,190 ' 192 Unfortunately, these recommenda¬ 
tions have generally not been prospectively evaluated, and 
their influence on patient outcomes is largely unknown. 

In the absence of FDA or EMA recommendations, tertiary 
reference sources, or any published studies relating to the 
handling of a drug by CRRT (common with agents that are 
new to the market), may be necessary for the clinician to 
formulate a dosing regimen using the PK principles pre¬ 
sented in this chapter. If the volume of distribution is large 
(>1 L/kg), there is a low likelihood that CRRT will substan¬ 
tially remove it. The use of a high-flux dialyzer or hemofilter 
allows for drugs with a MW below 20 kDa to be readily 
removed. If the clearance of the drug by CRRT or hybrid 
RRT is less than 25% of the patient’s estimated total body 
clearance, a dosing adjustment is probably unnecessary. On 
the other hand, if CRRT or hybrid RRT results in an aug¬ 
mentation of drug clearance by 25% to 50%, an LD based 
on the patient’s estimated volume status should be given, 
and maintenance doses similar to that given to a patient 
with a CrCl of 30 to 50 mL/min can be used. Such estimates 
obviously have to take into account changing volume status 
and be supplemented by regular drug concentration mea¬ 
surements, if technically feasible. 

PATIENTS UNDERGOING PERITONEAL DIALYSIS 

Peritoneal dialysis, as practiced in 2014, is very unlikely to 
enhance total body clearance of any drug by more than 
lOmL/min because most typical peritoneal dialysis pre¬ 
scriptions can achieve a urea clearance of about 10 mL/min 
or lower. Because most drugs are larger than urea, their 
clearance is even less; thus, it is very likely to be from 5 to 
7.5 mL/min or less. Many studies performed in the 1970s 
and 1980s showed that drug clearances by peritoneal dialysis 
were in this very low range, so one can conclude that 


peritoneal dialysis does not enhance drug removal to a 
degree that would require a special dosage regimen 
modification. 199 ’ 202 Thus, oral or IV drug therapy recommen¬ 
dations for patients with an eCrCl or eGFR less than 15 mL/ 
min are likely clinically useful. 

Intraperitoneal drug administration is well accepted 
for the treatment of peritoneal dialysis-associated perito¬ 
nitis and other infections. 203 ' 205 Administration intervals 
depend on the half-life of the drug, which is mainly deter¬ 
mined by residual renal and extrarenal metabolic clearance. 
Long-standing experience with intermittent antibiotic 
administration exists for the glycopeptides vancomycin and 
teicoplanin, which can be administered at 5- to 7-day inter¬ 
vals, as well as for aminoglycosides and cephalosporins, 
which are suitable for once-daily dosing. 204206 

Patients treated by automated peritoneal dialysis (APD), 
with frequent short-dialysis cycles, may achieve higher 
plasma concentrations as compared to antibiotic loading in 
a single extended dwell period in patients on continuous 
ambulatory peritoneal dialysis (CAPD). Conversely, the 
higher dialysate flow and small-molecule clearance achieved 
with APD regimens may lead to a greater peritoneal clear¬ 
ance of antibiotic in the intervals between dosing. 204 

Because most pharmacokinetic studies establishing peri¬ 
toneal antibiotic doses have used 4- to 8-hour loading 
periods, it is recommended to perform antibiotic loading 
by an extended cycle both in CAPD and APD patients. For 
intermittent maintenance dosing, a long nighttime dwell 
time should be used in CAPD patients and a long daytime 
dwell time in APD patients. In clinical practice, intraperito¬ 
neal antibiotic dosing has not been unequivocally successful 
in eradicating bacterial growth, partially questioning the 
concept of antibiotic back diffusion into the peritoneal 
cavity. 


CLINICAL BOTTOM LINE 

Recommendations for dosing selected drugs in patients 
with CKD and AKI are given in Table 64.8. These are meant 
only as a guide and do not imply the safety or efficacy of a 
recommended dose in an individual patient. A loading dose 
equivalent to the usual dose in patients with normal kidney 
function should be considered for drugs with half-lives 
longer than 12 hours. No controlled clinical trials have 
established the efficacy of these dosage recommendations. 
The effect on drug removal of HD, ambulatory peritoneal 
dialysis, and CRRT is variable and the values in the table are 
more qualitative than quantitative. Most of these recom¬ 
mendations were established before high-efficiency HD 
treatments were practical, continuous cycling nocturnal 
peritoneal dialysis was common, and diffusion was added to 
hemofiltration in CRRT. 

Complete reference list available at ExpertConsult.com. 
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